Spatially and temporally coordinated variations of the cytosolic free calcium concentration ([Ca 2+ ] c ) play a crucial role in a variety of tissues. In the developing sensory epithelium of the mammalian cochlea, elevation of extracellular adenosine trisphosphate concentration ([ATP] ) to propagation failure (speed = 0), which occurs upon lowering the maximal ATP release rate below a minimal threshold value. The approach presented here overcomes major limitations due to lack of specific connexin channel inhibitors and can be extended to other coupled cellular systems.
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inositol trisphosphate | calcium waves | calcium oscillations | cochlear nonsensory cells | connexins I n the mammalian cochlea, sensory hair cells perform mechanotransduction, i.e., the conversion of sound-evoked mechanical stimuli into electrical signals that are conveyed to the central nervous system along the fibers of the auditory nerve (1) . Unlike normal human newborns that hear at birth, most rodents start hearing at postnatal days 10-14 (P10-P14, where P0 is day of birth) and achieve adult-level auditory thresholds by the third postnatal week (2) . Preceding the acquisition of hearing, the highly specialized and polarized sensory epithelium of the murine cochlea comprises the greater epithelial ridge, from which inner hair cells and medial nonsensory cells originate, and the adjacent lesser epithelial ridge, which is presumed to generate outer hair cells and lateral nonsensory cells (3, 4) . Several of these cells express a glial marker (5) .
Purinergic signaling, which is key to cochlear physiology and pathology (6) (7) (8) , promotes cytosolic free calcium concentration ([Ca 2+ ] c ) oscillations and intercellular Ca 2+ waves in the matrix of gap-junctioncoupled nonsensory cells (9) that embed the sensory inner and outer hair cells of the organ of Corti (2) . In this cellular system, a host of experimental data (10, 11) indicate that extracellular ATP binding to G-protein-coupled P2Y receptors activates a canonical transduction cascade whereby phospholipase C (PLC)-dependent hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) generates the secondmessenger inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (12) . When IP 3 binds to and opens intracellular receptors (IP 3 R), it triggers Ca 2+ release from the endoplasmic reticulum (ER) and raises the [Ca 2+ ] c (12) . Phosphatidylinositol phosphate kinase type 1γ (PIPKIγ) is the enzyme that is primarily responsible for the synthesis of the IP 3 precursor PIP 2 in the cochlea (13) .
Connexins participate in this sequence of events as follows: (i) as gap junction channels, composed of connexins 26 and 30 (14) (15) (16) (17) , which enable IP 3 movement between coupled cells of the organ of Corti (18); (ii) as connexin hemichannels in the cell plasma membrane (19, 20) , which mediate paracrine signaling by opening in response to a raised level of the [Ca 2+ ] c (21) (22) (23) ; and (iii) these hemichannels release intracellular ATP to the extracellular milieu, whereas ATP degradation by ectonucleotidases terminates this purinergic signaling (19, 20) . Altogether, these concerted molecular mechanisms promote encoding of signals by [Ca 2+ ] c oscillations (24, 25) and convey crucial biochemical information to every district of the cochlear sensory epithelium via intercellular Ca 2+ waves (2, 26) .
Significance
This study dissects the mechanisms underlying the occurrence of ATP-and inositol 1,4,5-trisphosphate (IP 3 )-dependent intracellular cytosolic free calcium concentration [Ca 2+ ] c oscillations and intercellular Ca 2+ waves in the syncytium formed by nonsensory cells in the postnatal mouse cochlea. The findings are significant with regard to development of the cochlear sensory epithelium, injury signaling in the cochlea, and pathophysiology around connexinopathies that dominate prelingual deafness. On a broader frame, this work provides an accurate, quantitative description of the mode of propagation of extracellular ATP-mediated paracrine signaling in epithelial cells. Critically, the modeling brings together a synthesis of quantitative data on the key elements concerning the signaling molecules (ATP and IP 3 ) and propagation mechanisms from a broad range of prior work.
Prior work with mouse cochlear organotypic cultures indicates that [Ca 2+ ] c oscillations and Ca 2+ waves in cochlear nonsensory cells of both the lesser (10, 11) and the greater epithelial ridge (27, 28) (Fig. S1 ) share the same PLC-and IP 3 R-dependent signal transduction cascade activated by ATP (13) . This signaling cascade has been implicated in the sensing of noise-induced hearing loss (10) , as well as in developmental defects that impair hearing acquisition due to genetic mutations in key components of the cascade (13, 18, 28) . However, the relative contribution of connexin hemichannels and intercellular gap junction channels has not been determined, due to lack of specific inhibitors acting selectively on one of the two types of channels made by connexins (29) . Another related open question that is difficult to address experimentally in this native tissue is whether oscillations in IP 3 concentration ([IP 3 ] c ) are an obligatory component of [Ca 2+ ] c oscillations (30) (31) (32) (33) . In this study, we present a data-driven computational model designed to address these unresolved issues. We show that the occurrence of [Ca 2+ ] c oscillations within a well-defined range of extracellular adenosine trisphosphate concentration ([ATP] e ) (10, 11) can be described in terms of Hopf-type bifurcations (34) . In addition, we quantify precisely the contribution of IP 3 diffusion through gap junction channels and paracrine signaling mediated by ATP release through connexin hemichannels to the propagation of intercellular Ca 2+ signals. release from various intracellular stores and influx from the extracellular space (25) . However, in the present as well as the majority of our previously published work, we focused on purinergic signaling at the endolymphatic surface of the sensory epithelium around P5. Endolymph, which fills the cochlear duct (scala media) and bathes the apical surface of both sensory and nonsensory cells, is an unusual extracellular fluid characterized by a positive potential, known as the endocochlear potential (35 ] o ) (37) . In mice at P5, the endocochlear potential is still negligible, whereas the endolymphatic ion concentrations reach almost adult levels (38) . Our experiments with cochlear organotypic cultures obtained from P5 mice were conducted in low, endolymph-like [Ca 2+ ] o (20 μM), a condition in which Ca 2+ influx is reduced to a minimum. In fact, [Ca 2+ ] c oscillations evoked by extracellular ATP in cochlear nonsensory cells of the lesser epithelial ridge (10, 11, 13, 19, 20) , as well as spontaneous Ca 2+ transients in the greater epithelial ridge (13, 28) , persisted for tens of minutes in 20 μM [Ca 2+ ] o or even in a divalent-free extracellular medium. Therefore, in constructing the model represented in Fig. 1 ] c responses in the computational model replicated experimental data ( Fig. 2A) (Fig. 3) .
In our computational model, the occurrence of [Ca 2+ ] c oscillations (blue traces in Fig. 2A ) is due to the interplay of (i) IP 3 After IP 3 photoactivation, (i) we always detected a significant, nearly twofold, increase in the frequency of [Ca 2+ ] c oscillations (29 cells in n = 3 cultures; P = 0.03, Mann-Whitney u test), and (ii) no delay was observed in the occurrence of the first [Ca 2+ ] c peak (Fig. 4) .
These Waves initiated by IP 3 uncaging. Having characterized and modeled Ca 2+ dynamics at the single-cell level, we tackled the problem of intercellular signaling (26) . Also in this case we used cochlear cultures coloaded with the AM ester forms of caged IP 3 and of Fluo-4. However, for these experiments Ca 2+ responses in the lesser epithelial ridge were evoked by a brief (170 ms) and focalized pulse of UV light. The irradiated area comprised a central cell and its six nearest neighbors from which radial Ca 2+ waves propagated to 18 ± 1 cells of the culture (n = 4 experiments in three cultures) (Fig. 5) . Similar waves were also evoked by photostimulation with caged IP 3 in the greater epithelial ridge (13) . To compare model predictions to experimental results, we reconstructed cell network topology by laser scanning confocal imaging (Fig. S1 ). All cells in the model were attributed a volume V = 3,900 μm 3 (average estimate from our confocal images) whereas the unitary permeability to IP 3 was set at p u = 72 × 10 −3 μm 3 ·s −1 from ref. 44 . Then, based on realistic cell network topology, we imposed an in silico sudden increase of [IP 3 ] c in a group of neighboring cells (5 μM in one cell and 0.7 μM in its nearest neighbors, reflecting the different intensities of laser irradiation in the target cell and those adjacent to it). Finally, we evaluated the number of cells (N cells ) in which [Ca 2+ ] c reached an arbitrary threshold value (10% of the peak in the flashed cell). Model simulations replicated experimental responses ( Fig. 5 ) with a number of gap junction channels N ch = 935 coupling each pair of neighboring cells (Fig. S5) . Waves initiated by extracellular ATP puffs. In cochlear organotypic cultures, Ca 2+ waves can be triggered also by focal application of brief ATP puffs (4 μM, 50 ms) from a glass micropipette placed in close proximity to a nonsensory cell (10, 11, 13, 19 ), the model generated wave speeds in the range from 13 μm·s −1 to 17 μm·s −1 determined experimentally (10, 11, 13, 19) (Fig. 6A) . (Fig. S6 ), which were occasionally observed in cochlear nonsensory cells (e.g., figure 9 of ref. 20) .
Altogether, these data-driven simulations indicate that a selfregenerative ATP-induced ATP-release mechanism sustains wave propagation at constant speed over a vast range of distances (in excess of 200 μm from the source). The transition from propagating to nonpropagating regimes is abrupt (Fig. 6 A and C), indicating that (for each r ATP deg value) the system becomes selfregenerative only above a minimal threshold value of the v HC parameter. At the opposite extreme, increasing v HC results in propagation speeds that saturate at a value that depends on the ATP diffusion constant D in the extracellular medium (Fig. 6D) , indicating that this parameter sets the ultimate limit to the cellto-cell signal propagation (diffusion-limited rate).
Besides paracrine signaling mediated by extracellular ATP, our computational model also included IP 3 diffusion between adjoining cells through gap junction channels ( Fig. 1 and Supporting Information). However, the relative contribution to the propagation mechanism of gap junction channels (transferring IP 3 ) and connexin hemichannels (releasing ATP) is unknown. Pharmacological isolation of the two components is difficult to achieve due to lack of connexin hemichannels blockers that do not also affect gap junction channels (29) . Currently, hemichannel block without gap junction block is possible for connexin 43 (45) but not for connexin 26 and connexin 30. Computationally, gap junction channels blockade can be simulated by setting N ch = 0 while leaving all other parameters unchanged (and thus also hemichannel function). When all model cells were allowed to release ATP, abrogation of gap junction coupling resulted in negligible changes to the Ca 2+ wave speed (Fig. 6E) . The contribution of IP 3 diffusion through gap junction channels became appreciable only upon reducing the number of model cells that were allowed to release ATP (Fig. 6F) . Therefore, our computational results single out ATP-induced ATP release through connexin hemichannels as the primary mechanism responsible for long-range propagation of Ca 2+ signals in the developing mouse cochlea.
Discussion
The results of the assay we performed based on ref. (34) .
The model highlights also another critical behavior, namely the abrupt (discontinuous) transition from propagating regimes (intercellular Ca 2+ wave speed > 11 μm·s
) to propagation failure (speed = 0) that occurs upon lowering the maximal ATP release rate (v HC parameter, Table S1 ) below a minimal threshold value, which depends on ATP degradation rate (r ATP deg parameter, Table S1 ). Previous experiments with ATP biosensor cells demonstrated that photostimulation with caged IP 3 releases ATP to the extracellular medium at the endolymphatic surface of the lesser epithelial ridge and triggers intercellular Ca 2+ wave propagation (19) . Similar waves were also evoked by photostimulation with caged IP 3 in the greater epithelial ridge (13) . Leybaert (21) (22) (23) . Whether this applies also to connexins 26 and 30, although very likely, awaits direct experimental confirmation. Provided sufficient ATP is released through connexin hemichannels, its binding to P 2 Y receptors (10, 11) activates PLC-dependent IP 3 production in a population of nearby cells (13) . This in turn promotes Ca 2+ release from intracellular stores, raising [Ca 2+ ] c , which, up to ∼500 nM, increases the hemichannel open probability (21) (22) (23) , fostering further ATP-dependent ATP release in a self-regenerative cascade of biochemical reactions that sustains Ca 2+ wave propagation at constant speed across the cell network.
It is important to note that the four parameters of our simplified hemichannel model would still fit the experimental data if they were all scaled by the same value, thus making the opening kinetics faster or slower. With the particular set of parameters we used, the hemichannel open probability peaks in ∼200 ms following a steplike increase of the [Ca 2+ ] c , which seems reasonable given that the effect of intracellular Ca 2+ on hemichannel gating is likely an indirect one (23) . A slower response seems unlikely, and faster kinetics would not affect much the propagation speed of Ca 2+ waves, because IP 3 production and Ca 2+ release are the rate-limiting factors in this process.
We also ran some simulations using a two-state hemichannel model (open and closed states) in which hemichannel inactivation at high Ca 2+ is not present (Fig. S7) . The results we obtained for the ATP-evoked propagation of Ca 2+ waves resemble those generated by the four-state model. Thus, inactivation by high Ca 2+ is not required for the propagation of Ca 2+ waves and for the associated ATP-induced ATP release. We expect that similar results can be obtained with other types of hemichannel models (e.g., a three-state model, with an open, a closed, and an inactive state) as long as the open probability is different from 0 at physiological Ca 2+ levels. For all these reasons, we believe that our conclusions are robust and independent of the particular hemichannel models or kinetics.
We have previously implicated IP 3 synthesis deficits (13) as well as gap junction channel IP 3 permeability defects (18) in the , a value below which waves failed to propagate and above which waves propagate with speed > 11 μm·s pathogenesis of hereditary hearing disorders. Furthermore, using a knock-in mouse model, we have linked defects in the spontaneous release of ATP from connexin hemichannels in the developing cochlea to disease phenotype in adulthood (28) . The unitary permeability of gap junction channels to IP 3 (p u , Table  S1 ) is an important parameter in our numerical simulations of IP 3 -evoked intercellular Ca 2+ waves. It has been proposed that junctions in the murine cochlea are composed of connexin 26/30 heteromeric connexons (14, 15) , although this may not be the case for the human cochlea (46) . As the p u of heterotypic/heteromeric channels is not known, we used the value we previously determined for homomeric/homotypic connexin 26 channels in transfected HeLa cells (44) . Another critical model parameter that influences cell coupling is the average number of channels (N ch ) shared by each cell pair in the syncytium. Using voltage imaging, we previously estimated that nonsensory cells in the apical coil of the cochlea are coupled by 910-1,260 open channels per cell pair (47) . This range of values is compatible with the estimate of N ch = 935 obtained here, by a completely different approach, to account for the propagation range of Ca 2+ signals evoked by photolytic release of IP 3 .
Estimating the number of open hemichannels that release ATP is more difficult than estimating the number of gap junction channels between supporting cells, mainly because the unitary permeability of hemichannels to ATP is not known; we provide an educated guess in Supporting Information. In the light of the present analysis, ATP release through connexin hemichannels of the cochlear sensory epithelium, and subsequent diffusion through endolymph (19) , appears to influence intercellular Ca 2+ signaling more drastically than the cell-to-cell diffusion of IP 3 through gap junction channels (18) . On the other hand, permeation of these two signaling molecules, which are both highly negatively charged and have similar size (Movie S2), is most likely correlated (48) . Therefore, a point mutation that affects IP 3 passage through the channel pore may affect also the passage of ATP and vice versa.
The propagation of ATP-dependent intercellular Ca 2+ waves has been described in glial cells (which express connexins 40, 43, 45, and 46) (49) as well as in a variety of other connexin-expressing epithelial tissues, including (but not limited to) airway epithelia (connexin 32) (50), vascular endothelium (connexins 37, 40, 43, and 45) (51), keratinocytes (connexins 26, 30, 30.3, 31.1, 37, and 43) (52), renal glomerular endothelial cells (connexin 40) (53), and corneal endothelial cells (connexin 43) (54). We believe that the combination of experimental measurements and computational modeling presented here is of general interest as it (i) overcomes major limitations due to lack of specific connexin channel inhibitors and (ii) can be readily extended (by suitable changes to the set of parameters in Table S1 ) to other cellular systems, including (but not limited to) those mentioned above.
Finally, the results of this modeling offer critical insight into the unique operating conditions of connexin hemichannels at the endolymphatic surface of the cochlear sensory epithelium. All hemichannels are activated upon depolarization and are effectively closed by hyperpolarization; however, voltage dependence, kinetic properties, and sensitivity to [Ca 2+ ] o , which acts as an open pore blocker (55) , vary significantly between hemichannels composed of different connexin isoforms (56) . At transmembrane potentials (ΔV m , inside minus outside) ≤ −30 mV, connexin 30 hemichannels have zero open probability also in zero [Ca 2+ ] o (57) . Under the same conditions, connexin 26 hemichannels transit frequently between open and closed states (58, 59) . This peculiar behavior has been attributed to the socalled "loop gate," which remains constitutively active at all voltages even in zero [Ca 2+ ] o (58) . The same behavior is not observed in hemichannels formed by other connexins (e.g., connexins 46 and 50), which remain stably open in low [Ca 2+ ] o and close only if subjected to robust hyperpolarization (60, 61).
Depolarization promotes hemichannel opening, and therefore the cell resting potential (and input resistance of the plasma membrane) can be completely run down in the presence of strong hemichannel activity (56 (13) . Therefore, the occurrence of ATP-dependent spontaneous Ca 2+ signaling activity in the greater epithelial ridge (13, 27, 28) is likely due to a constitutively lower ectonucleotidase activity at the endolymphatic surface of the tall columnar cells that populate that portion of the developing sensory epithelium.
In vivo, the ΔV m across the apical plasma membrane of all cells exposed to endolymph depends on the series combination of the cell resting potential and the endocochlear potential (1) . In mice, the endocochlear potential remains below 15 mV between P1 and P5 and increases rapidly after P7, reaching levels of 80-100 mV around P16 (38) . In adult mice, we measured endocochlear potentials as large as 117 mV (62) . In adult nonsensory cells of the rodent organ of Corti, the cell resting potential can be as negative as −90 mV (63); therefore the ΔV m across their apical plasma membrane can exceed −200 mV (inside minus outside). Extrapolating available data, which cover a range from +60 mV to −100 mV (57, 59) , suggests that a ΔV m around −200 mV should be more than enough to keep connexin 26 (and certainly connexin 30) hemichannels closed in endolymphatic [Ca 2+ ] o . Hemichannel opening may still occur under conditions that promote a reduction of the ΔV m (64) . Acting synergistically with ATP-gated ion channels (7, 8) , the release of ATP into endolymph through connexin hemichannels of the adult cochlea may then foster adaptation to elevated sound levels.
Materials and Methods
Mathematical Methods and Model Parameters. A schematic representation of the model is shown in Fig. 1 with Fura-2 AM (16 μM). The incubation medium contained also pluronic F-127 (0.1%, wt/vol) and sulfinpyrazone (250 μM) to prevent dye sequestration and secretion. Cultures were then transferred onto the stage of an upright microscope (BX51; Olympus) and perfused in EXM for 20 min at 2 mL/min to allow for deesterification. For recording, EXM was substituted by ECM, a medium obtained by replacing 2 mM Ca 2+ in EXM with an endolymph-like concentration (20 μM). Fura-2 fluorescence was excited using alternatively two light-emitting diodes (LEDs) (center wavelengths 365 nm and 385 nm; M365L and M385L, Thorlabs) passing through an FF01-360/12-2 and an FF01-387-11 filter, respectively (Semrock), and directed onto the sample through a dichromatic mirror (T400LP; Chroma). Fluorescence emission was selected by a BA495-540HQ filter (Olympus) to form fluorescence images on a scientific-grade CCD camera (SensiCam, PCO AG), using a 60× water immersion objective (N.A. 1.0, Fluor; Nikon). Image sequences were acquired using software developed in the laboratory, stored on a disk, and processed offline using the Matlab software package (The MathWorks). Signals were measured as dye emission ratio changes, ΔR = R(t) − R(0), where t is time and R(t) is emission intensity excited at 365 nm divided by the intensity excited at 385 nm, and R(0) indicates prestimulus ratio. To directly compare fluorescence measurements to Ca 2+ concentrations computed with computer simulations, we converted fluorescence intensity ratios R to [Ca 2+ ] c values by the Grynkiewicz equation (65) Â Ca
where K D = 287.3 nM is the Fura-2 dissociation constant at 25°C (66) For ATP stimulation experiments, ATP dissolved in ECM was applied by pressure, using glass microcapillaries (puff pipettes) that were pulled to a tip of 2−10 μm on a vertical puller (PP80; Narishige) and placed near the target cell. Pressure was applied at the back of the pipette by delivering a transistor-transistor logic (TTL) pulse of carefully controlled duration to a Pneumatic PicoPump (PV800; World Precision Instruments) under software control. All cells tested responded to ATP, whereas no response was detected when ATP (or other P2YR agonists) was omitted from the solution used to fill the puff pipette, indicating that accidental mechanical activation of the cells was negligible.
Photostimulation with Caged IP 3 . Cochlear cultures were incubated for 30 min at 37°C in DMEM supplemented with the Ca 2+ dye Fluo-4 AM (16 μM), caged IP 3 AM (5 μM), pluronic F-127 (0.1%, wt/vol), and sulfinpyrazone (250 μM) and thereafter perfused in EXM for 10 min at 2 mL/min to allow for deesterification. Fluorescence emission was selected by a ET535/30M filter (Chroma), centered around a 535-nm wavelength, to form fluorescence images on a scientific-grade CCD camera (SensiCam; PCO AG) using a 20× water immersion objective (N.A. 0.95, LumPlanFl; Olympus) connected to a microscope (BX51; Olympus) and illuminated by a collimated 470-nm lightemitting diode (M470L2; Thorlabs) directed onto the sample through a dichromatic mirror (505 dcxr; Chroma). For focal photostimulation with caged IP 3 , the output of a TTL-controlled semiconductor lased module (20 mW, 379 nm, part no. FBB-375-020-FS-FS-1-1; RGBLase LLC) was injected into a UVpermissive fiber-optic cable (multimode step index 0.22 N.A., 105-μm core, part no. AFS105/125YCUSTOM; Thorlabs GmbH). Fiber output was projected onto the specimen plane by an aspheric condenser lens (20-mm effective focal length, part no. ACL2520; Thorlabs) and the recollimated beam was directed onto a dichromatic mirror (400 dclp; Chroma) placed at 45°just above the objective lens of the microscope. By carefully adjusting the position of the fiber in front of the aspheric lens we projected a sharp image of the illuminated fiber core (spot) onto the specimen focal plane selected by the (infinity-corrected) objective lens. Under these conditions, the fiber-optic diameter determined accurately the laser-irradiated area. The size of the irradiated area was estimated by measuring the dimensions of the spot carved by the focused laser into a thin film of black ink deposited on a microscope coverslip located at the front focal plane of the objective. On average, this area comprised a central cell and its six nearest neighbors (Ca 2+ signal generators). Baseline (prestimulus) fluorescence emission (F 0 ) was recorded for 2 s, and thereafter a UV laser pulse of 170 ms was applied to release IP 3 and fluorescence emission was monitored for up to 60 s. Signals were measured as relative changes of fluorescence emission intensity (ΔF/F 0 ), where F is fluorescence at poststimulus time t and ΔF = F − F 0 .
Statistical Analysis. Means are quoted ± SEM and P values are indicated by the letter P. Statistical comparisons were made using the Mann-Whitney u test and P < 0.05 was selected as the criterion for statistical significance.
